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I. Introduction 

'The purpose of this project is to design and evaluate speech processors 

for multichannel auditory prostheses. Ideally, the processors will extract 

(or preserve) from speech those parameters that are essential for 

intelligibility and then appropriately encode these parameters for 
electrical stimulation of the auditory nerve on a sector-by-sector basis. 

Initial efforts have been directed at the development of a variety of tools 

to aid in the design of the speech processors. The most important of these 

tools are (a) a computer-based simulator f o r  rapid and practical 

implementation of many processors in tests with single subjects and (b) an 

integrated field-neuron model for understanding (and later controlling) the 

events of intracochlear electrical stimulation. At present, a1 1 major 

development efforts are completed or essentially completed, and our focus 

now is  on application of these powerful tools. For example, insights into 

the physical mechanisms of intracochlear electrical stimulation, derived 

from application of the integrated field-neuron model, have lead u s  to 

formulate new strategies for coding speech with auditory prostheses. The 

emphasis of our work in the immediate future will be on the evaluation of 

these strategies in tests with experimental subjects both at the University 

of California at San Francisco (CCSF) and at the Duke Unive-rsity Nedical 

Center. Work in the present quarter included the following: 

1. Participation in the 15th Annual Neural Prosthesis Workshop 

last November; 

2 .  Preparation and presentation of material for a site visit at 

RTI by Drs. Hambrecht and Loeb of the NIH: 

3 .  Participation as collaborating members of the CCSF team for 

a NIH site visit in San Francisco on January 1 5 :  

4 .  Installation and checkout at UCSF of the hardware interface 

for communication between the Eclipse computer and implanted 

electrodes, with identification of several remaining problems 

to resolve; 
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5 .  Installation and checkout at UCSF of the software for the 

computer-based simulator of speech processors for auditory 

prostheses: 

6 .  Further development and application of the integrated field- 

neuron model, including (a) modifications to allow calculation 

of field potentials in the plane of the UCSF electrode array 

spiral and (b) an initial examination of the effects of bone- 
fluid interfaces on current densities in the scala tympani 

and in excitable tissue: 

7 .  Further development and refinement of the computer-based 

simulator, including the addition of (a) various signal- 

processing modules, (b) improved user-interface code, (c) 

improved graphics support, and (d) software patches to allow 

access to the Interactive Laboratory System (ILS) modules 

available at UCSF; and 

8 .  Preparation for the first implant patient at Duke, including 

(a) coordination of parallel efforts at UCSF and Storz 
Instrument Company in St. Louis, (b) construction of a 

laboratory at Duke that is functionally identical to the 

laboratory we have helped to construct at UCSF for evaluation 
of cochlear-implant patients, and (c) review of prospective 

implant patients. 

In addition to the work just outlined, we are pleased to note the addition 
of two new members to our staff: Dewey Lawson, Ph.D., a physicist with 

extensive background in computer science and speech analysis, and Kathrinn 

Fitzpatrick. who will act as a part-time secretary and administrative 
assistant for our group. 

In this report we will describe in detail our further work on the 

integrated field-neuron model (point 6 above). Discussion of the efforts 

indicated in points 7 and 8 is deferred for now, but wil 1 appear in future 

quarterly reports. 



11. F u r t h e r  Development and A p p l i c a t i o n  of t h e  I n t e g r a t e d  

F i e l d - S e u r o n  Model 

Our g e n e r a l  a p p r o a c h  t o  t h e  d e s i g n  o f  s p e e c h  p r o c e s s o r s  f o r  a u d i t o r y  

p r o s t h e s e s  i s  based i n  large p a r t  on t h e  r e c o g n i t i o n  t h a t  t h e  m o s t - c r i t i c a l  

f u n c t i o n  of t h e  p r o s t h e t i c  system is t o  exer t  c o n t r o l  o v e r  t h e  p a t t e r n s  of 

s i n g l e - u n i t  d i s c h a r g e  i n  t h e  a u d i t o r y  n e r v e .  C o n s e q u e n t l y ,  we h a v e  p l a c e d  

e m p h a s i s  upon d e f i n i n g  t h e  c h a r a c t e r i s t i c s  o f  t h e  " e l e c t r i c a l - t o - n e u r a l  

t r a n s f o r m e r "  i n  t h e  i m p l a n t e d  e a r ,  w h i c h  g o v e r n  a n d  l i m i t  o u r  a b i l i t y  t o  

a c h i e v e  d e s i r e d  f i r i n g  p a t t e r n s .  The i n t e g r a t e d  f i e l d - n e u r o n  m o d e l  i s  a 

m a j o r  t o o l  b e i n g  d e v e l o p e d  t o  h e l p  d e f i n e  t h e s e  c h a r a c t e r i s t i c s .  The 

f o l l o w i n g  s u b s e c t i o n s  d e s c r i b e  two areas i n  which t h e  f i e l d - n e u r o n  model h a s  

been advanced  i n  t h e  p a s t  q u a r t e r .  

F i e l d  p a t t e r n s  i n  t h e  two-dimensional  p l a n e  c o n t a i n i n g  t h e  L'CSF 

e l e c t r o d e  s D i r a l  
--- 
__--_ - ---- 

The i n t e g r a t e d  f i e l d - n e u r o n  m o d e l  h a s  b e e n  e x p a n d e d  t o  i n c l u d e  

c a l c u l a t i o n s  of  f i e l d  p a t t e r n s  i n  t h e  p l a n e  of t h e  e l e c t r o d e  a r r a y  s p i r a l .  

C a l c u l a t i o n s  i n  t h i s  p l a n e  p r o v i d e  an estimate of f i e l d  p a t t e r n s  o v e r  t h e  

e n t i r e  e x t e n t  of t h e  e l e c t r o d e  a r r a y ,  as opposed t o  t h e  l o c a l  f i e l d  p a t t e r n s  

of t h e  c r o s s - s e c t i o n a l  c a l c u l a t i o n s  d e s c r i b e d  i n  Q u a r t e r l y  Repor t  2. F i g u r e  

1 shows t h e  p o s i t i o n  of each  of  t h e  s i x t e e n  e l e c t r o d e s  o f  t h e  UCSF e l e c t r o d e  

a r r a y  when v i e w e d  f r o m  a b o v e  t h e  p l a n e  o f  t h e  e l e c t r o d e  a r r a y  s p i r a l .  

P o s i t i o n s  a r e  d e t e r m i n e d  b o t h  b y  t h e  e l e c t r o d e  p l a c e m e n t  i n  t h e  s i l a s t i c  

c a r r i e r  and by t h e  s p i r a l  c o n f i g u r a t i o n  o f  t h e  a r r a y  i t s e l f ,  t h e  l a t t e r  of 

which i s  d e t e r m i n e d  by t h e  a s s e m b l y ' s  mechan ica l  memory. Each e l e c t r o d e  is  

i n d i c a t e d  by t h e  c l o s e d  c i r c l e s ,  and t h e  c e n t e r  l i n e  of t h e  s i l a s t i c  car r ie r  

is shown by t h e  s p i r a l  c u r v e .  P e r p e n d i c u l a r  t o  t h e  s p i r a l  a r e  s h o r t  l i n e s  

i n d i c a t i n g  t h e  p o s i t i o n s  o f  r a d i a l l y - d i r e c t e d  d e n d r i t e s ,  s p a c e d  a t  o n e  

m i l l i m e t e r  i n t e r v a l s  a l o n g  t h e  s p i r a l .  P o t e n t i a l  f i e l d  p a t t e r n s  a r e  

c a i c u l a t e d  u s i n g  t h e  f i n i t e - d i f f e r e n c e  me thod  d e s c r i b e d  i n  p r e v i o u s  

q u a r t e r l y  r e p o r t s .  The t i s s u e  medium f o r  c a l c u l a t i o n s  i n  t h e  p l a n e  of t h e  

s p i r a l  is assumed t o  be AbmQgenesus-and t h e r e f o r e  t h e  r e s u l t s  do n o t  r e f l e c t  

p o s s i b l e  e f f e c t s  of  impedance d i f f e r e n c e s  a t  t i s sue  b o u n d a r i e s .  E v a l u a t i o n  

o f  t h i s  a s sumpt ion  of uniform t i s sue  p r o p e r t i e s  i s  a d d r e s s e d  l a t e r  i n  t h i s  

- _-/----- 

- 



UCSF ELECTRODE ARRAY 

showing s p i r a l  of mechanical memory, 
positions of 16 electrodes, and 
locations of 20 radial dendrites spaced at 

1 mm. intervals along the spiral. 

FIGURE 1 



r e p o r t .  

F igu re  2 i l l u s t r a t e s  t h e  r e s u l t s  of  a f i e l d  c a l c u l a t i o n  w i t h  t h e  two 

m o s t - a p i c a l  e l e c t r o d e s  e n e r g i z e d .  E l e c t r o d e  [ I ]  i s  p o l a r i z e d  w i t h  a 

p o s i t i v e  v o l t a g e  ana  e l e c t r o d e  [ 2 ]  i s  p o l a r i z e d  w i t h  a negat ive v o l t a g e  of 

e q u a l  magnitude. Computat ions a r e  conduc ted  w i t h  t h e  o u t e r  boundary h e l d  t o  

z e r o .  The r i g h t  p a n e l  shows  i s o p o t e n t i a l  c o n t o u r s  i n  a s u b s e c t i o n  o f  t h e  

p l a n e .  A l s o  shown a r e  t h e  e l e c t r o d e  l o c a t i o n s  a n d  s p i r a l  p a t h  o f  t h e  

e l e c t r o d e  a r r a y .  The l o c a t i o n s  of r a d i a l  d e n d r i t e s  a re  l a b e l e d  A-T, w i t h  an 

a r r o w h e a d  p o i n t i n g  t o  t h e  m o d i o l a r  ( o r  m o s t  m e d i a l )  e n d  o f  e a c h  d e n d r i t e .  

The l e f t  s i d e  of F i g u r e  2 i n d i c a t e s  t h e  p o t e n t i a l  l e v e l s  a l o n g  t h e  l o c u s  of 

e a c h  d e n d r i t e ,  A-T .  The o r d i n a t e  o f  e a c h  smal 1 p a n e l  i s  v o l t a g e ,  r a n g i n g  

from t h e  p o s i t i v e  v o l t a g e  magnitude a t  t h e  most a p i c a l  e l e c t r o d e  [l] t o  t h e  

n e g a t i v e  v o l t a g e  magnitude a t  t h e  n e x t  a d j a c e n t  e l e c t r o d e  [ 2 ] .  The a b c i s s a e  

i n d i c a t e  p o s i t i o n s  a l o n g  t h e  d e n d r i t e s .  

E v a l u a t i o n  of t h e  r e s u l t a n t  p o t e n t i a l  p r o f i l e s  s u g g e s t s  t h a t  t h e  f i e l d s  - 

i n  t h e  v i c i n i t y  of t h e  a p i c a l  s t i m u l a t i n g  p a i r  are  h i g h l y  a symmet r i ca l  and - 
a l s o  c o u l d  s t i m u l a t e  a p o r t i o n  o f  t h e  a d j a c e n t ,  more b a s a l  I_-. t u r n  - -  o f  t h e  

c o c h i e a .  To i l l u s t r a t e ,  d e n d r i t e s  D ,  E ,  L a n d  M l i e  c l o s e  t o  t h e  50% 

i s o p o t e n t i a l  c o n t o u r .  P a n e l s  D ,  E ,  L and M show e s s e n t i a l l y  z e r o  s t i m u l u s  

v o l t a g e  a l o n g  t h e  l e n g t h  o f  t h e s e  d e n d r i t e s .  T h e r f o r e ,  t h e s e  n e u r a l  

e l e m e n t s  would be l i t t l e  a f f e c t e d  by s t i m u l i  d e l i v e r e d  t o  e l e c t r o d e s  [l] and 

[ 2 ? .  I n  c o n t r a s t ,  d e n d r i t e s  H a n d  Q a r e  l o c a t e d  a t  o p p o s i t e  p o l e s  o f  t h e  

b i p o l a r  s t i m u l u s  f i e l d  and c o n s e q u e n t l y  h a v e  s i g n i f i c a n t  and n e a r l y - c o n s t a n t  

v o l t a g e s  i m p o s e d  a l o n g  t h e i r  l e n g t h s .  R e s p o n s e s  o f  n e u r o n s  a t  t h e s e  

l o c a t i o n s  c o u l d  p r o d u c e  " t u r n - t o - t u r n  c r o s s t a l k "  i n  p e r c e p t s  e l i c i t e d  by 

r e l a t i v e l y - i n t e n s e  s t i m u l h i .  F i n a l l y ,  as e x p e c t e d ,  t h e  g rea tes t  p o t e n t i a l s  

a p p e a r  i n  t h e  i m m e d i a t e  v i c i n i t y  o f  t h e  e l e c t r o d e s .  D e n d r i t e  S ,  w h i c h  i s  

l o c a t e d  midway b e t w e e n  t h e  o f f s e t  b i p o l a r  p a i r ,  h a s  a s t e e p  g r a d i e n t  f r o m  

p o s i t i v e  t o  n e g a t i v e  a l o n g  i t s  l e n g t h .  D e n d r i t e s  R a n d  T .  w h i c h  a r e  

e q u i d i s t a n t  from t h e  e l e c t r o d e  p a i r  a l o n g  t h e  b a s i l a r  membrane, h a v e  less  

s t e e p  g r a d i e n t s  a n d  o n l y  o n e  p o l a r i t y  o f  i m p o s e d  p o t e n t i a l s .  I f  t h e  

m a g n i t u d e  o f  t h e  i m p o s e d  p o t e n t i a l s  a l o n g  t h e  d e n d r i t e  i s  t h e  e x c i t a t o r y  

a s p e c t  of t h e  s t i m u l u s  ( a s  o p p o s e d  t o  t h e  v o l t a g e  g r a d i e n t  a l o n g  t h e  

d e n d r i t e  o r  some c o m b i n a t i o n  o f  g r a d i e n t  a n d  m a g n i t u d e ) ,  a s  h a s  b e e n  

-_.__- __ I_ 

v 

s u g g e s t e d  by o u r  a p p l i c a t i o n s  o f  t h e  F r a n k e n h a u s e r - H u x l e y  m o d e l  o f  f r o g  I I 
J t  a x o n s  ( s e e  Q u a r t e r l y  R e p o r t  4 )  a n d  by t h e  work of  o t h e r s  w i t h  m o d e l s  o f  

mammalian m y e l i n a t e d  n e r v e  (see,  e . g . ,  Ranck, 1975), d e n d r i t e  R w i l l  h a v e  a *' 
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t h r e s h o l d  o f  r e s p o n s e  t h a t  i s  2 o r  3 times l o w e r  t h a n  t h e  t h r e s h o l d  o f  

r e s p o n s e  f o r  d e n d r i t e  T. T h i s  d i f f e r e n c e  of s t i m u l u s  magnitudes is n o t a b l e  

f o r  t h e s e  e q u i d i s t a n t  p o s i t i o n s ,  i n d i c a t i n g  a s i g n i f i c a n t  asymmetry i n  t h e  

e f f e c t i v e  f i e l d  of s t i m u l u l a t i o n  f o r  t h e  b i p o l a r  p a i r .  T h i s  asymmetry is  

l a r g e l y  due t o  t h e  c u r l i n g  of  t h e  c o c h l e a r  s p i r a l  i n t o  one of  t h e  p o l e s  of  

t h e  b i p o l a r  e l e c t r o d e  p a i r .  

I t  s h o u l d  b e  n o t e d  t h a t  t h e  a b o v e  s i t u a t i o n  w o u l d  m o s t  l i k e l y  

c o r r e s p o n d  t o  t h a t  o f  a p a t i e n t  i n  whom d e n d r i t e  s u r v i v a l  i s  g o o d .  The 

c o n t i n u e d  m e d i a l  c o u r s e  of  t h e  n e u r o n s  t h r o u g h  t h e  c o c h l e a  a n d  i n t o  t h e  

m o d i o l u s  i s  n o t  d e p i c t e d  h e r e .  Mode l ing  of t h i s  more complex s i t u a t i o n  m u s t  

await  e x p a n s i o n  of  t h e  model t o  t h r e e  d imens ions .  

F i g u r e  3 p r o v i d e s  a h i g h - r e s o l u t i o n  p i c t u r e  o f  v o l t a g e  p r o f i l e s  

proauced a l o n g  d e n d r i t e s  i n  t h e  i m p l a n t e d  ear f o r  t h e  s t i m u l u s  c o n d i t i o n s  of  

F i g u r e  2.  In  Figure 3 ,  a continuum of d e n d r i t e  p o s i t i o n s  i s  p r e s e n t e d  from 

t h e  m o s t - b a s a l  t o  t h e  m o s t - a p i c a l  p o s i t i o n s  o f  t h e  e l e c t r o d e  a r r a y .  The 

t h r e e  p a n e l s  show t h e  e x t r a c e l l u l a r  s t i m u l u s  v o l t a g e  a t  t h e  most-medial ,  t h e  

a i d ,  and t h e  m o s t - l a t e r a l  p o s i t i o n s  of t h e  d e n d r i t e s .  The a b c i s s a e  i n d i c a t e  

p o s i t i o n s  a l o n g  t h e  b a s i l a r  membrane f r o m  b a s a l  , t o  a p i c a l .  The m i d p o i n t  

p o s i t i o n s  of e a c h  b i p o l a r  p a i r  a r e  i n d i c a t e d  by t h e , v e r t i c a l  l i n e s , .  w i t h  t h e  

r e l a t i v e  p o s i t i o n  o f  e a c h  e l e c t r o d e  i n d i c a t e d  by  i t s  number .  M i d p o i n t  

p o s i t i o n s  o f  b i p o l a r  e l e c t r o d e  p a i r s  a r e  2 m m .  a p a r t  a l o n g  t h e  b a s i l a r  

p a r t i t i o n .  

F i g u r e  4 shows t h e  same p o t e n t i a l  d i s t r i b u t i o n  i n f o r m a t i o n  as  F i g u r e  3 ,  

e x c e p t  t h e  p o t e n t i a l  d i s t r i b u t i o n s  are  shown f o r  t h e  c o n d i t i o n  of e l e c t r o d e  

[ 3 ]  b e i n g  p o s i t i v e  a n d  e l e c t r o d e  [ 4 ]  b e i n g  n e g a t i v e .  The d i s t r i b u t i o n s  

shown i n  F i g u r e s  3 a n d  4 a r e  e s s e n t i a l l y  e q u i v a l e n t  w i t h  m i n o r  a m p l i t u d e  

d i f f e r e n c e s  a p p e a r i n g  i n  t h e  med ia l  and midpo in t  d e n d r i t e  p o s i t i o n s .  These 

d i f f e r e n c e s  a r i s e  b e c a u s e  o f  t h e  more m e d i a l  p l a c e m e n t  o f  e l e c t r o d e  [ 4 ]  

r e l a t i v e  t o  t h e  s p i r a l  c e n t e r l i n e  t h a n  f o r  e l e c t r o d e  [ 2 ] .  T h i s  i s  d u e  t o  

t h e  t a p e r i n g  of t h e  s i l a s t i c  c a r r i e r  a t  t h e  e l e c t r o d e  a r r a y  t i p .  

An a d d i t i o n a l  d e t a i l  seen i n  F igure  4 is  t h e  d o u b l e  l i n e  shown i n  t h e  

upper  p o r t i o n  of t h e  t o p  p a n e l .  T h i s  l i n e  d e p i c t s  an  a p p r o x i m a t i o n  of t h e  

" e f f e c t i v e  s t i m u l u s  f i e l d "  of  t h e  e l e c t r o d e  p a i r ,  d r i v e n  w i t h  a b a l a n c e d  

b i p h a s i c  p u l s e .  The e f f e c t i v e  s t i m u l u s  f i e l d  i s  b e s t  i n t e r p r e t e d  a s  a 

p r o f i l e  o f  t h e  p r o b a b i l i t i e s  o f  f i r i n g  f o r  t h e  n e u r o n a l  p o o l  t h a t  i s  

a f f e c t e d  by t h e  s t i m u l u s .  T h i s  p r o f i l e  i s  d e r i v e d  by  p l o t t i n g  t h e  p e a k ,  

a b s o l u t e  v a l u e s  of  t h e  p o t e n t i a l  l e v e l s  a t  t h e  m e d i a l ,  midpo in t  and l a t e r a l  

9 
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d e n d r i t e  p o s i t i o n s ,  w h i c h  r o u g h l y  c o r r e s p o n d  t o  n o d e  l o c a t i o n s  a l o n g  t h e  

d e n d r i t e s .  A b s o l u t e  v a l u e s  a r e  u s e d  t o  a c c o u n t  f o r  t h e  e f f e c t s  of  b o t h  

p h a s e s  of t h e  b a l a n c e d  b i p h a s i c  p u l s e .  Peak v a l u e s  a r e  used s i n c e  t h e  most 

s t r o n g l y  d r i v e n  node a l o n g  t h e  d e n d r i t e  w i l l  h a v e  t h e  h i g h e s t  p r o b a b i l i t y  of 

f i r i n g .  The r e p r e s e n t a t i o n  t h u s  o b t a i n e d  i s  a f i r s t  a p p r o x i m a t i o n  o f  t h e  

f i r i n g  p r o b a b i l i t i e s  of neu rons  a l o n g  t h e  b a s i l a r  p a r t i t i o n  i n  r e s p o n s e  t o  a 

b a l a n c e d  b i p h a s i c  s t i m u l u s  a p p l i e d  a c r o s s  a b i p o l a r  e l e c t r o d e  p a i r .  

Temporal f e a t u r e s  of t h e  s t i m u l u s  and t h e  n e u r a l  r e s p o n s e  a r e  n e g l e c t e d ,  and 

c o n s i d e r a t i o n  of  a n a t o m i c a l  v a r i a t i o n s  ( e .g . ,  f i b e r  d i a m e t e r s )  i s  n o t  made. 

T i s s u e  impedance e f f e c t s  h a v e  a l s o  n o t  been r i g o r o u s l y  modeled (see l a t e r  

d i s c u s s i o n ) .  D e s p i t e  t h e s e  i n h e r e n t  l i m i t a t i o n s  of t h e  p r e s e n t  model ,  i t  

i s  i n s t r u c t i v e  t o  examine t h e  d e r i v e d  e f f e c t i v e  s t i m u l u s  f i e l d s  o f  b o t h  

s ingle-  and mu 1 t i p  l e - channe  1 s t i m u l a t i o n .  

The e f f e c t i v e  s t i m u l u s  f i e l d  shown i n  F i g u r e  4 h a s  a complex,  d o u b l e  

peaked p r o f i l e  w i t h  a s y m m e t r i c a l  r o l l - o f f  ra tes  beyond t h e  peaks.  The d o u b l e  

p e a k i n g  i s  d u e  t o  t h e  o f f s e t  c o n f i g u r a t i o n  o f  e a c h  o f  t h e  d i p o l e  p a i r s  o f  

t h e  UCSF a r r a y .  T h i s  f o l l o w s  i n t u i t i v e l y  i f  o n e  c o n s i d e r s  t h a t  e a c h  

e l e c t r o d e  w i l l  h a v e  i t s  own s p h e r e  o f  maximal i n f l u e n c e  i n  t h e  r e g i o n  

n e a r e s t  t h e  e l e c t r o d e  and t h a t  t h e  e l e c t r o d e s  are  p h y s i c a l l y  d i s p l a c e d  a l o n g  

t h e  b a s i l a r  p a r t i t i o n .  The a s y m m e t r i c a l  r o l l - o f f s  are  l a r g e l y  due  t o  t h e  

s p i r a l  s h a p e  of t h e  e l e c t r o d e  a r r a y  which c u r l s  toward o r  away from t h e  a x i s  

of t h e  s t i m u l a t i n g  e l e c t r o d e  p a i r .  An i n t e r e s t i n g  p o i n t  t h a t  ar ises  h e r e  i s  ' '? A ' 
t h a t  s u b s t a n t i a l  s h a r p e n i n g  ( n a r r o w i n g )  of  t h e  e f f e c t i v e  s t i m u l u s  f i e l d  of  

an o f f s e t  d i p o l e  p a i r  might  be  o b t a i n e d  by u s i n g  an a s y m m e t r i c a l  b i p h a s i c  '2- ' 8 

p u l s e ,  a s  c o m p a r e d  t o  t h e  e f f e c t i v e  s t i m u l u s  f i e l d  t h a t  o c c u r s  w i t h  a ' " 

s y m m e t r i c a l  b i p h a s i c  p u l s e  ( i . e . ,  o n e  o f  t h e  two p e a k s  o f  t h e  e f f e c t i v e  

s t i m u l u s  f i e l d  c o u l d  b e  " s e l e c t e d "  w i t h  t h e  use o f  a s y m m e t r i c a l  b i p h a s i c  , 

p u l s e s ) .  A p o s s i b l e  t e s t  o f  t h i s  h y p o t h e s i s  i s  t o  d e t e r m i n e  i f  a p a t i e n t  

w i t h  good d e n d r i t e  s u r v i v a l  c a n  d i s t i n g u i s h  b e t w e e n  a n  a s y m m e t r i c a l ,  

~ 

I. 
\.- -_ - _  

1 . - _I_._---.II_ _ _  - , 
_I 

I 

I 
I 

1 

1 

b a l a n c e d  b i p h a s i c  s t i m u l u s  and a similar s t i m u l u s ,  b u t  of o p p o s i t e  p o l a r i t y ,  

a p p l i e d  t o  t h e  same e l e c t r o d e  p a i r .  I n  s u c h  a p a t i e n t ,  d i f f e r e n t  

p o p u l a t i o n s  o f  f i b e r s  ( w i t h  some o v e r l a p )  w o u l d  b e  e x c i t e d  w i t h  e a c h  

s t i m u l u s ,  and t h e  r e s u l t i n g  p e r c e p t s  s h o u l d  be d i s t i n g u i s h a b l e  i f  o u r  model 

of  s t i m u l u s  p r o f i l e s  is  e s s e n t i a l  l y  c o r r e c t .  

S i m i l a r  e x a m i n a t i o n  i s  i n s t r u c t i v e  f o r  t h e  case  o f  s i m u l t a n e o u s  

s t i m u l a t i o n  of a d j a c e n t  d i p o l e  p a i r s .  T h i s  s t i m u l u s  c o n d i t i o n  o f t e n  r e s u l t s  

i n  c o n s i d e r a b l e  c h a n n e l  i n t e r a c t i o n s  i n  w h i c h  s t i m u l u s  f i e l d s  f o r  t h e  



a d j a c e n t  d i p o l e s  a p p e a r  t o  o v e r l a p .  For t h e  p r e s e n t  d i s c u s s i o n ,  o n l y  t h e  

s i t u a t i o n  of s i m u l t a n e o u s  s t i m u l a t i o n  w i t h  s y m m e t r i c a l  b i p h a s i c  p u l s e s  i s  

c o n s i d e r e d .  F i g u r e  5 shows t h e  p o t e n t i a l  p r o f i l e s  when b o t h  d i p o l e  p a i r s  

a re  s t i m u l a t e d  s i m u l t a n e o u s l y .  T h i s  i s  e q u i v a l e n t  t o  summation of  t h e  d a t a  

shown p r e v i o u s l y  i n  F igures  3 and 4. Note t h a t  t h e  o r d i n a t e  range i n  F i g u r e  

5 is twice t h e  range shown i n  F i g u r e s  3 and 4. The e f f e c t i v e  s t i m u l u s  f i e l d  

f o r  t h e  combined s t i m u l a t i o n  i s  a l s o  shown i n  F i g u r e  5 as  t h e  d o u b l e  l i n e .  

F i g u r e  6 shows t h e  o p p o s i t e  s i t u a t i o n  i n  which t h e  s t i m u l u s  p o l a r i t y  of  t h e  

b i p h a s i c  p u l s e  a p p l i e d  t o  e l e c t r o d e s  [ l ]  and [ 2 ]  h a s  been r e v e r s e d .  Again,  

t h e  e f f e c t i v e  s t i m u l u s  f i e l d  is  i n d i c a t e d  by t h e  d o u b l e  l i n e .  One p o i n t  t o  

n o t e  i s  t h a t  t h e  e f f e c t i v e  s t i m u l u s  f i e l d s  i n  F i g u r e  5 and 6 a r e  i d e n t i c a l .  

T h i s  r e s u l t  is a s i m p l e  consequence of s u p e r p o s i t i o n  of  t h e  s t i m u l i ,  and is 

c o n s i s t e n t  w i t h  t h e  r e s u l t s  o f  c h a n n e l - i n t e r a c t i o n  e x p e r i m e n t s  c o n d u c t e d  

w i t h  p a t i e n t s  i n  whom d e n d r i t e  s u r v i v a l  appea red  (by  s eve ra l  measures) t o  be  

good. Tha t  i s ,  f o r  t h e  g o o d - s u r v i v a l  case one would e x p e c t  t h e  t h r e s h o l d  of  

r e s p o n s e s  t o  i n - p h a s e  s t i m u l i  d e l i v e r e d  t o  t h e  two e l e c t r o d e  p a i r s  t o  

c l o s e l y  a p p r o x i m a t e  t h e  t h r e s h o l d  o f  r e s p o n s e s  t o  o u t - o f - p h a s e  s t i m u l i .  

T h i s  e x p e c t a t i o n  is, i n  f a c t ,  b o r n e  o u t  i n  t h e  e x p e r i m e n t a l  r e su l t s  f o r  such  

p a t i e n t s .  H o w e v e r ,  f o r  t h e  c a s e  o f  p o o r  o r  p a t c h y  s u r v i v a l  o f  d e n d r i t e s ,  

t h e  e f f e c t i v e  s t i m u l u s  f j e l d  w i l l  no l o n g e r  c o r r e s p o n d  t o  t h a t  p l o t t e d  i n  

F i g u r e s  5 and 6 because  t h e  a b s e n c e  of s t i m u l a b l e  n e u r a l  e l e m e n t s  a t  c e r t a i n  

l o c a t i o n s  w i l l  skew t h e  p o p u l a t i o n  of  r e s p o n d i n g  neurons .  T h i s  skew would 

m a n i f e s t  i t s e l f  i n  t h e  f o r m  o f  s i g n i f i c a n t  c h a n n e l  i n t e r a c t i o n s  a n d  

s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  t h r e s h o l d s  t o  i n - p h a s e  a n d  o u t - o f - p h a s e  

s t i m u l i .  T h e s e  p r e d i c t i o n s  a r e  e n t i r e l y  c o n s i s t e n t  w i t h  t h e  r e s u l t s  o f  

c h a n n e l - i n t e r a c t i o n  exper iments  c o n d u c t e d  w i t h  p a t i e n t s  i n  whom d e n d r i t e  

s u r v i v a l  appea red  t o  be poor .  T h e r e f o r e ,  c h a n n e l  i n t e r a c t i o n s  and r e l a t e d  

phenomena a re  t h e  l i k e l y  r e s u l t  of uneven s u r v i v a l  of  d e n d r i t e s ,  as opposed 

pke t h e  c u r r e n t l y - h e l d  n o t i o n  o f  s i g n i f i c a n t  o v e r l a p  i n  t h e  s t i m u l a t i o n  

f i e l d s .  

I 9 

Al though  t h e  r e s u l t s  p r e s e n t e d  a b o v e  h a v e  c l e a r  s i g n i f i c a n c e  f o r  t h e  

d e s i g n  of  s p e e c h  p r o c e s s o r s  f o r  a u d i t o r y  p r o s t h e s e s ,  i t  i s  i m p o r t a n t  t o  

remember t h a t  s e v e r a l  a s s u m p t i o n s  u n d e r l i e  t h e  m o d e l  i n  i t s  p r e s e n t ,  

s i m p l i f i e d  form. The major  a s sumpt ion  of t h e  s p i r a l - p l a n e  model i s  t h a t  t h e  

c h a r a c t e r i s t i c s  of t i s sue  i n  t h e  p l a n e  of  computa t ion  a re  homogeneous. An 

o b v i o u s  method f o r  e v a l u a t i n g  t h i s  and o t h e r  a s s u m p t i o n s  i n  t h e  model i s  t o  

compare model p r e d i c t i o n s  w i t h  t h e  r e s u l t s  of animal e x p e r i m e n t s  i n  which 

i3 
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d i r e c t  measurements of s t i m u l u s - r e s p o n s e  f i e l d s  can  be  made. One such  set 

o f  e x p e r i m e n t s  was p e r f o r m e d  a t  UCSF i n  t h e  l a t e  7 0 ' s  w i t h  an  a r r a y  o f  

a l i g n e d  b i p o l a r  e l e c t r o d e s  p l a c e d  i n  t h e  s ca l a  tympani of a d u l t  c a t s  (see, 

e .g . ,  Merzenich and White ,  1977) .  F i g u r e  7 shows a n  a l i g n e d  UCSF e l e c t r o d e  

a r r a y  on t h e  s c a l e  of  t h e  human i m p l a n t .  Each e l e c t r o d e  of  each  d i p o l e  p a i r  

j s  l o c a t e d  on t h e  same r a d i a l  l i n e .  T h i s  c o n f i g u r a t i o n  h a s  n o t  been used i n  

p a t i e n t s  b u t ,  a s  j u s t  m e n t i o n e d ,  h a s  b e e n  u s e d  e x t e n s i v e l y  i n  c a t  

e x p e r i m e n t s .  F i g u r e  8 shows t h e  p o t e n t i a l  d i s t r i b u t i o n s  c a l c u l a t e d  by t h e  

m o d e l  f o r  t h e  a l i g n e d  a r r a y  o f  F i g u r e  7 w i t h  e l e c t r o d e s  [3] a n d  [ 4 ]  b e i n g  

d r j v e n .  The e f f e c t i v e  s t i m u l u s  f i e l d  i s  d e r i v e d  as d e s c r i b e d  a b o v e ,  and i s  

d i s p l a y e d  i n  t h e  t o p  p a n e l .  Superimposed on t h e  e f f e c t i v e  s t i m u l u s  f i e l d  i s  

t h e  c u r v e  of e x p o n e n t i a l  f a l l o f f  i n  t h e  r e s p o n s e  f i e l d s  measured f o r  "well- 

p o s i t i o n e d "  e l e c t r o d e s  i n  t h e  c a t  ( s p a c e  c o n s t a n t  = . 8 7  mm.; see  M e r z e n i c h  

a n d  W h i t e  f o r  d e t a i l s ) .  The m a t c h  o f  t h e  d a t a  f r o m  t h e  m o d e l  a n d  

e x p e r i m e n t a l  r e s u l t s  i s  t r u l y  r e m a r k a b l e ,  sugges t ing  t h a t  t h e  p r e s e n t  

a p p r o a c h  t o  m o d e l i n g  i s  j u s t i f i e d  a t  t h i s  l e v e l  o f  a n a l y s i s .  H o w e v e r ,  

a d d i t i o n a l  compar i sons  must be made t o  v e r i f y  t h e  mode l ' s  a c c u r a c y  f o r  o t h e r  

s i t u a t i o n s  and ,  more g e n e r a l l y ,  d i r e c t  e v a l u a t i o n  of t h e  a s s u m p t i o n s  i n  t h e  

m o d e l  s h o u l d  b e  made b e f o r e  we a c c e p t  i t s  p r e d i c t i o n s  a s  v a l i d .  A d i r e c t  

e v a l u a t i o n  o f  t i s s u e - i m p e d a n c e  e f f e c t s  ( a n d  t h e  r e l a t e d  a s s u m p t i o n  o f  

' u n i f o r m  t i s s u e  p r o p e r t i e s )  i s  t h e r e f o r e  p r e s e n t e d  i n  t h e  f o l l o w i n g  

s u b s e c t i o n .  

------I__------ I n i t i a l  s t u d i e s  on t h e  e f f e c t s  of  t i s s u e  impedances and t h e  p a t h  of 

c u r r e n t  f l o w  w i t h  b i p o l a r  s t i m u l a t i o n  by t h e  UCSF e l e c t r o d e  a r r a y  
----l___l____- 1- 

F i g u r e  9 shows two d e p i c t i o n s  of t h e  a l i g n e d  L'CSF e l e c t r o d e  a r r a y  i n  

c r o s s - s e c t i o n .  R e f e r  t o  Q u a r t e r l y  Repor t  2 f o r  a more c o m p l e t e  d e s c r i p t i o n  

o f  i h e  c o m p u t a t i o n s  i n v o l v e d  i n  t h e  c r o s s - s e c t i o n a l  model.  A c o n c e n t r i c  

r i n g  which s u r r o u n d s  t h e  s i l a s t i c  i n s u l a t o r  and e l e c t r o d e s  h a s  been added t o  

:he m o d e l .  T h i s  r i n g  mimics t h e  i n t e r f a c e  b e t w e e n  t h e  p e r i l y m p h ,  w h i c h  

s u r r o u n d s  t h e  e l e c t r o d e  a r r a y  i n  t h e  s c a l a  t y m p a n i ,  a n d  t h e  bony  w a l l  o f  

s ca l a  tympani.  I n  t h e  f i g u r e  on t h e  l e f t ,  t i s s u e  c h a r a c t e r i s t i c s  h a v e  been 

s e t  such  t h a t  bone b e g i n s  i m m e d i a t e l y  a t  t h e  s u r f a c e  of t h e  s i l a s t i c  ca r r i e r  

a n d  t h e  e l e c t r o d e s .  T h i s  c o n d i t i o n  mimics  t h e  c o n d i t i o n  a s s u m e d  f o r  a l l  

node1  c a l c u l a t i o n s  r e p o r t e d  i n  t h e  p r e v i o u s  q u a r t e r l y  r e p o r t s .  On t h e  r i g h t  
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i s  t h e  same c o m p u t a t i o n ,  b u t  w i t h  t h e  p e r i l y m p h  r i n g  r e t a i n i n g  t r u e  

p e r i l y m p h  c h a r a c t e r i s t i c s .  A s l i g h t  expans ion  of  t h e  i s o p o t e n t i a l  c o n t o u r s  

can be  o b s e r v e d  when t h e  p e r i l y m p h  r i n g  i s  i n c l u d e d .  

F i g u r e  10 shows l i n e s  of c o n s t a n t  magni tude of c u r r e n t  f l u x  f o r  t h e  same 

two c o n d i t i o n s  d e s c r i b e d  a b o v e  f o r  F i g u r e  9. I s o c u r r e n t  c o n t o u r s  a re  shown 

a t  5% i n t e r v a l s  between t h e  peak c u r r e n t  f l u x  f l o w i n g  between t h e  e l e c t r o d e s  

a n d  z e r o .  Note  t h a t  w i t h  t h e  p e r i l y m p h  r i n g  i n c l u d e d  t h e  i s o c u r r e n t  

c o n t o u r s  a re  more t i g h t l y  c o n s t r a i n e d  and do n o t  s p r e a d  s i g n i f i c a n t l y  i n t o  

t h e  b o n y  t i s s u e .  I t  i s  i m p o r t a n t  t o  o b s e r v e  h e r e ,  h o w e v e r ,  t h a t  t h e  

r e l a t i v e  impact  between t h e  two c o n d i t i o n s  is r e l a t i v e l y  minor.  A t  b e s t ,  

o n l y  a b o u t  10 % o f  t h e  t o t a l  c u r r e n t  f l u x  f l o w s  o u t  t o  w h e r e  t h e  bony  

j n t e r f a c e  w o u l d  l i e  i n  e i t h e r  s e t  o f  c o n d i t i o n s .  I n  f a c t ,  t h e  b u l k  o f  

c u r r e n t  f l o w s  i m m e d i a t e l y  a l o n g  t h e  s u r f a c e  o f  t h e  s i l a s t i c  i n s u l a t o r  

between t h e  two e l e c t r o d e s .  

F i g u r e  11 g i v e s  a b e t t e r  p e r s p e c t i v e  o f  t h e  p a t t e r n  o f  c u r e n t  f l o w  

between t h e  e l e c t r o d e s .  F i g u r e  11 shows t h e  cu r ren t  f l u x  ( n o r m a l i z e d  t o  t h e  

p e a k  f l u x  v a l u e )  t h a t  f l o w s  n o r m a l  t o  t h e  50% i s o p o t e n t i a l  c o n t o u r  w h i c h  

l i e s  midway b e t w e e n  t h e  two e l e c t r o d e s .  C u r r e n t  f l u x  i s  shown f o r  b o t h  

bone-only and p e r i l y m p h - r i n g  c o n d i t i o n s .  A s  can be seen, t h e  magnitude of 

c u r r e n t  f l u x  d r o p s  r a p i d l y  as  a f u n c t i o n  of  t h e  d i s t a n c e  from t h e  s i l a s t i c  

car r ie r .  L i t t l e  c u r r e n t  f l o w s  on t h e  back s i d e  of t h e  s i l a s t i c  ca r r i e r  away 

from t h e  e l e c t r o d e s .  The p r e s e n t  model assumes a 100 micron wide pe r i lymph  

r i n g .  I n  t h e  p r a c t i c a l  a p p l i c a t i o n  o f  t h e  e l e c t r o d e ,  p l a c e m e n t  o f  t h e  

e l e c t r o d e s  w i t h i n  100 m i c r o n s  o f  t h e  bony w a l l  w o u l d  b e  e x t r e m e l y  good  

p l a c e m e n t  w i t h  much greater  d i s t a n c e s  e x p e c t e d  normal l y .  T h i s  would c l e a r l y  

b e  t h e  case  w i t h  e l e c t r o d e  a r r a y s  o t h e r  t h a n  t h e  UCSF a r r a y ,  w h i c h  d o  n o t  

h a v e  mechan ica l  memories. C o n s e q u e n t l y ,  i t  i s  e x p e c t e d  t h a t  r e l a t i v e l y -  

small  amounts of  t h e  i n j e c t e d  s t i m u l a t i o n  c u r r e n t  a c t u a l l y  p a s s  th rough  t h e  

bony t i s s u e s .  X a t h e r ,  most of t h e  c u r r e n t  i s  s h u n t e d  t h r o u g h  t h e  pe r i lymph .  

I n  t h i s  c a s e ,  we b e l i e v e  t h a t  s i m p l e  m o d e l i n g  o f  t h e  t i s s u e  i m p e d a n c e s  a s  

b e i n g  homogenous is  a r e a s o n a b l e ,  f i r s t  app rox ima t ion  t o  make. 

One p o i n t  t o  emphas ize ,  however ,  i s  t h a t  t h i s  a p p r o x i m a t i o n  is  p r o b a b l y  

o n l y  v a l i d  i n  t h e  c a s e  of b i p o l a r  s t i m u l a t i o n .  I n  t h e  i n s t a n c e  of monopolar 

s t i m u l a t i o n  t o  a remote r e f e r e n c e ,  t h e  b u l k  of t h e  c u r r e n t  f l u x  l e a v i n g  t h e  

e l e c t r o d e  must n e c e s s a r i l y  f l o w  a c r o s s  t i s s u e  b o u n d a r i e s .  In  t h i s  case,  w e  

b e l i e v e  t h a t  t i s sue  impedances w i l l  p l a y  a s u b s t a n t i a l  r o l e  i n  t h e  b e h a v i o r  

of t h e  system. F u r t h e r  r e f i n e m e n t  of  t h e  p r e s e n t  model w i l l  be r e q u i r e d  t o  
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111. P l a n s  f o r  t h e  Next Q u a r t e r  

A s  u s u a l ,  w e  e x p e c t  t h e  u p c o m i n g  q u a r t e r  t o  b e  a b u s y  o n e .  The m o s t -  

i m p o r t a n t  a c t i v i t y  of t h e  q u a r t e r  w i l l  be t o  p r e p a r e  f o r  tes ts  w i t h  i m p l a n t  

p a t i e n t s  b o t h  a t  GCSF and Duke. The tests a t  UCSF w i l l  be conduc ted  i n  t h e  

l a s t  week of Februa ry  and w i l l  i n c l u d e  s t u d i e s  ( a )  t o  c o n f i r m  t h a t  computer- 

b a s e d  s i m u l a t i o n  o f  t h e  p r e s e n t ,  a n a l o g  UCSF s p e e c h  p r o c e s s o r  p r o d u c e s  

r e su l t s  e s s e n t i a l l y  i d e n t i c a l  t o  t h o s e  o b t a i n e d  w i t h  t h e  UCSF p r o c e s s o r  and 

( b )  t o  e v a l u a t e  s e v e r a l  a l t e r n a t i v e s  t o  t h e  p r e s e n t  UCSF p r o c e s s o r  f o r  

c o d i n g  speech  w i t h  f o u r - c h a n n e l  a u d i t o r y  p r o s t h e s e s .  B e c a u s e  t h e  p a t i e n t  

who w i l l  p a r t i c i p a t e  i n  t h e s e  s t u d i e s  i s  f i t t e d  w i t h  t h e  f o u r - c h a n n e l  

t r a n s c u t a n e o u s  s y s t e m  f o r  t r a n s m i s s i o n  o f  i n f o r m a t i o n  t o  t h e  e l e c t r o d e  

a r r a y ,  w e  w i l l  n o t  b e  a b l e  t o  c o n d u c t  e x p e r i m e n t s  t h a t  e i t h e r  r e q u i r e  

p e r c u t a n e o u s  access  t o  t h e  e l e c t r o d e s  o r  more t h a n  f o u r  c h a n n e l s  o f  

s t i m u l a t i o n .  I n a s m u c h  a s  m o s t  o f  o u r  p l a n n e d  e x p e r i m e n t s  f a l l  i n t o  t h i s  

l a t t e r  c l a s s ,  o u r  s t u d i e s  w i t h  t h i s  p a t i e n t  w i l l  be r e l a t i v e l y  l i m i t e d  and 

b r i e f .  The UCSF team h a s  i d e n t i f i e d  t h r e e  c a n d i d a t e s  f o r  p a r t i c i p a t i o n  i n  

t h e  n e x t  e x p e r i m e n t a l  series a t  UCSF, which is  e x p e c t e d  t o  b e g i n  i n  l a t e  May 

o r  e a r l y  June .  A l l  p a t i e n t s  i n  t h i s  series w i l l  h a v e  p e r c u t a n e o u s  c a b l e s  

and w i l l  be i n t e n s i v e l y  s t u d i e d  by t h e  UCSF/RTI team. 

I n  t h e  meantime, we e x p e c t  t o  i m p l a n t  a p a t i e n t  a t  Duke i n  l a t e  March. 

Four t een  c a n d i d a t e s  h a v e  been i d e n t i f i e d  f o r  p o s s i b l e  i m p l a n t  o p e r a t i o n s ,  

a n d  f o u r  o f  t h e s e  p e o p l e  may q u a l i f y  a s  p a r t i c i p a n t s  i n  a n  e x p e r i m e n t a l  

s e r i e s .  The f i r s t  a n d  s u b s e q u e n t  p a t i e n t s  a t  Duke w i l l  b e  f i t t e d  w i t h  a 

p e r c u t a n e o u s  c a b l e  s o  t h a t  w e  can conduc t  o u r  f u l l  r a n g e  of e v a l u a t i o n s .  

To p r e p a r e  f o r  t h e  u p c o m i n g  t e s t s  a t  D u k e ,  we now h a v e  u n d e r  

c o n s t r u c t i o n  a l a b o r a t o r y  t h a t  i s  f u n c t i o n a l l y  i d e n t i c a l  t o  t h e  l a b o r a t o r y  

w e  h a v e  h e l p e d  t o  c o n s t r u c t  a t  UCSF f o r  e v a l u a t i o n  o f  c o c h l e a r - i m p l a n t  

p a t i e n t s .  The l a b o r a t o r y  a t  Duke w i l l  i n c l u d e  a n  E c l i p s e  computer system 

a n d  a n o t h e r  h a r d w a r e  i n t e r f a c e  f o r  c o m m u n i c a t i o n  b e t w e e n  t h e  E c l i p s e  a n d  

i m p l a n t e d  e l e c t r o d e s .  A l l  c o s t s  f o r  t h i s  l a b o r a t o r y  w i l l  b e  c o v e r e d  by  

s o u r c e s  o t h e r  t h a n  t h e  p r e s e n t  c o n t r a c t .  We e x p e c t  t o  h a v e  t h e  l a b o r a t o r y  

c o m p l e t e d  b e f o r e  A p r i l ,  i n  time f o r  tes ts  w i t h  t h e  f i r s t  p a t i e n t  a t  Duke. 

A d d i t i o n a l  a c t i v i t i e s  of n e x t  q u a r t e r  w i l l  i n c l u d e  ( a )  p r e s e n t a t i o n  o f  

two p a p e r s  a t  t h e  ARO m e e t i n g  t h i s  F e b r u a r y ;  ( b )  c o n d u c t  o f  a n i m a l  

e x p e r i m e n t s  i n  c o l l a b o r a t i o n  w i t h  D r .  M. M .  Merzenich and o t h e r s  a t  UCSF, t o  

c o n f i r m  v a r i o u s  p r e d i c t i o n s  o f  t h e  i n t e g r a t e d  f i e l d - n e u r o n  m o d e l  a n d  t o  

, 
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e v a l u a t e  o u r  s t ra teg ies  f o r  measuring and i n t e r p r e t i n g  i n t r a c o c h l e a r  evoked 

p o t e n t i a l s ;  and ( c )  i n s t a l l a t i o n  of t h e  n e u r a l  component of t h e  i n t e g r a t e d  

f i e l d - n e u r o n  mode l  on t h e  A D - 1 0  d i f f e r e n t i a l - e q u a t i o n  p r o c e s s o r  o f  t h e  

N a t i o n a l  B i o m e d i c a l  S i m u l a t i o n  R e s o u r c e  (NBSR) a t  Duke. A l t h o u g h  w e  h a d  

p l a n n e d  a c t i v i t y  ( c )  f o r  t h e  p r e v i o u s  q u a r t e r  o f  p r o j e c t  w o r k ,  l e g a l  

d i f f i c u l t i e s  a r i s i n g  from s o f t w a r e  l i c e n s i n g  agreements d e l a y e d  o u r  access 

t o  t h e  NBSR equipment .  These d i f f i c u l t i e s  h a v e  now been r e s o l v e d ,  however ,  

and w e  e x p e c t  t o  h a v e  o u r  i n t e g r a t e d  f i e l d - n e u r o n  model r u n n i n g  a t  t h e  NBSR 

i n  mid !+larch. 

, 
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